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TITLE OF THE INVENTION: 

ENHANCEMENT OF VIRUS INDUCED GENE SILENCING (VIGS) THROUGH 
VIRAL-BASED EXPRESSION OF INVERTED-REPEATS 

PRIORITY CLAIM: 

[0001] This application claims benefit of the filing date of U.S. Provisional Application 
No. 60/410,879 filed September 13, 2002. 

BACKGROUND 

[0002] The infection of plants by many viruses induces an RNA-mediated defence 
response that targets the viral genome, and any foreign sequences inserted into it, in a 
sequence-specific manner. This phenomenon, termed virus induced gene silencing (VIGS, 
for a recent review see Voinnet, 2001), is related to post-transcriptional gene silencing 
(PTGS), a phenomenon referred to as co-suppression or RNAinterference (RNAi) in 
others systems (Cogoni and Macino, 2000). PTGS can lead to the degradation of 
homologous RNA from an endogenous gene or transgenes, as well as viral RNA (Fagart 
and Vaucheret, 2000). 

[0003] The involvement of aberrant, double-stranded (ds)RNA molecules in initiating 
gene silencing was first revealed by analysis of transgenic loci in plants undergoing PTGS. 
Silencing was often correlated with the occurrence of aberrant tandem DNA insertions 
(Hamilton et al, 1998). Since then, such arrangements have been intentionally engineered 
to generate trangenics lines with an increased probability of undergoing PTGS (Smith et 
al, 2000; Varsha Wesley et al, 2001). 

[0004] The role of dsRNA in initiating a silencing signal that generates a systemic VIGS 
response (reviewed by Voinnet 2001), or acting as a systemic signal itself (Voinnet et al, 
2000; Mallory et al, 2001; Boutla et al, 2002) still remain to be determined. According to 
current models, following an initiation step involving dsRNA production and its 
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subsequent processing into 21-23nt RNA (short interfering RNAs, siRNAs); the antisense 
siRNAs, homologous to the targeted transcripts, are subsequently incorporated into the 
RNA-induced silencing complex (RISC), a multi-component ribonuclease, to provide 
homology-based RNA degradation (Voinnet, 2001; Baulcombe, 2001). 

[0005] It is commonly believed that during replication of cytoplasmic, positive single- 
stranded (ss)RNA viruses, the replicative-form and replicative-intermediates may 
represent the pool of dsRNAs that trigger VIGS initiation (Voinnet, 2001). In this model, 
negative ssRNA is used as a template by viral-encoded RNA-dependent RNA polymerase 
(RdRp) for generation of genomic and subgenomic positive ssRNA (Buck, 1999). This is 
corroborated by the fact that VIGS, unlike transgene-induced PTGS, is not affected in 
Arabidopsis mutants defective in RdRp and RNA helicase-like proteins (Dalmay et al, 

2000) , such activities being unnecessary because of corresponding virally encoded 
proteins. 

[0006] The VIGS phenomenon can be used in transient knockout approaches for 
functional analyses of endogenous genes, as a consequence of homology-dependent RNA 
degradation mediated by a recombinant virus harbouring a host gene sequence 
(Baulcombe, 1 999). So far, VIGS technology is restricted to the use of a few viruses in a 
limited number of hosts, mainly Nicotiana benthamiana and Arabidopsis thaliana 
(Voinnet, 2001). Recently, a monocot-infecting vector has been tested as a potential VIGS 
vector for cereals, broadening the potential use of VIGS to monocot species (Holzberg et 
al, 2002). Another problem with this approach to functional screening is the variable 
phenotype often associated with a VIGS response, limiting its use to a small number of 
viruses that are strong VIGS inducers, such as tobacco rattle virus (TRV; Ratcliff et al., 

2001) . 

[0007] The development of VIGS as a more efficient genomic tool has involved the 
identification of suitable virus-host systems and the selection of viruses that trigger a 
stronger VIGS response (Ratcliff et al, 2001), or do not suppress PTGS (Voinnet et al, 
1999). An unexplored route to enhance the effectiveness of VIGS vectors is to increase 
their ability to generate dsRNA. 
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[0008] Here we present a method that boosts the production of dsRNA through the 
engineering of inverted-repeats into viral-based expression vectors. We show that, in the 
case of cytoplasmically replicating viruses, such structures strongly enhance VIGS in 
different plant- virus systems. 

[0009] Waterhouse literature, complementary sequences flanked by introns or hairpin 
RNAs delivered from the nucleus of plants. : e.g. 

Stoutjesdijk et al., 2002. Plant Physiol. 129:1723-31 

Beclinet al., 2002. Curr. Biol. 16:684-8. 

Wang and Waterhouse 2002. Curr. Opin. Plant Biol. 5:146-50. 

Wesley et al., 2001. Plant J. 27:581-90. 

Wang et al., 200 1 . RNA 7: 16-28. 

SUMMARY OF THE INVENTION 

[00010] Virus-based expression vectors carrying sequences corresponding to 
endogenous host genes trigger silencing through a homology-dependent RNA degradation 
mechanism. This phenomenon called virus-induced gene silencing (VIGS), has the 
potential for development as a powerful reverse-genetic tool for use in functional genomic 
programs for loss-of-function transient assays-based screening. Here we describe an 
approach to enhance the robustness of the VIGS phenotype by increasing the level of 
dsRNA molecule production, a critical step in the VIGS response. Expression from a plant 
viral vector of 40-60 bp direct inverted-repeats generates RNA molecules that form 
dsRNA hairpins. A tobacco mosaic virus (TMV)-based vector expressing such inverted- 
repeats corresponding to a green fluorescent protein (GFP) transgene or a phytoene 
desaturase (PDS) endogenous gene resulted in a higher number of silenced leaves 
exhibiting a stronger VIGS phenotype in comparison to constructs expressing 
corresponding cDNA fragments in a sense or antisense orientation. Real time PCR 
indicated that up to a three-fold decrease of target mRNA accumulation was detected in 
VIGSed tissues triggered by constructs expressing inverted-repeats than sense or antisense 
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constructs. Moreover, an enhanced PDS VIGS phenotype was observed using a different 
virus, barley stripe mosaic virus, in barley plants. This is the first demonstration that 
suggests that dsRNA formation is a limiting factor in the VIGS phenomenon and that 
VIGS can be significantly improved through expression of small inverted-repeats and 
generate a more robust loss-of-function phenotype. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0001 1] FIGS. 1 A and IB show a TMV-based expression of GFP direct inverted- 
repeats enhances VIGS of a GFP transgene. Specifically, FIG. 1A is a schematic 
representation (not to scale) of TMV expression vector genome organisation and derived 
constructs generated to express GFP cDNA fragment for VIGS. Right- and left- pointing 
arrows represent sense and antisense orientation of cDNA fragments, numbers indicate the 
nucleotide length and the unrelated spacer sequence is represented as an orange block. The 
predicted structures of RNA transcripts are presented on the right side. REP, replicase; 
HEL, helicase; MP, movement protein; GFP, green fluorescent protein; CP, coat protein. 
FIG. IB shows VIGS kinetic of GFP transgene in Nicotiana benthamiana 35S-GFP 
plants observed under UV-light at 9 dpi (upper panels i-iv) and 12 dpi (lower panels v-viii) 
challenged with the following TMV.GFPS200 (panels i and v), TMV.GFPS40 (ii, vi) 
TMV.hpGFP2oo-loop (iii, vii) and TMV.hpGFPw (iv, viii). Silenced areas appear in purple 
as opposed to bright green fluorescence. Inoculated leaves are pointed with a white arrow. 
This typical phenotype of GFP silenced plants is representative of at least 5 independent 
experiments. 

[0001 2] FIGS. 2A and 2B show a TMV-based expression of PDS direct inverted- 
repeats enhances VIGS of endogenous PDS gene on a size-dependent manner. 
Specifically, FIG. 2A shows a schematic representation of expressed PDS fragment 
cDNA inserts as depicted in FIG. 1A. FIG. 2B shows a phenotype of N. benthamiana 
plants undergoing VIGS of endogenous PDS gene at 12 dpi, challenged with 
TMV.PDSsno, TMV.PDSasno, TMV.hpPDS 40 and TMV.hpPDS 6 o constructs. This typical 
phenotype of PDS silenced plants is representative of at least 5 independent experiments. 
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[00013] FIGS. 3A, 3B and 3C show RT-PCR and real time PCR of PDS and 
ubiquitin niRNA levels in silenced and non-silenced control N. benthamiana plants. FIG. 
3 A is a schematic representation of N. benthamiana PDS cDNA with the position of the 
primers and size (not to scale) of amplification products used for RT-PCR and real time 
PCR (Taqman). Boxed arrows represent the location, size (not to scale) and orientation of 
inserted cDNA fragments used for triggering VIGS. FIG. 3B shows RT-PCR of N. 
benthamiana PDS silenced and control plants in response to challenge with TMV 
constructs. Both RT-PCR products corresponding to endogenous PDS mRNA (690 bp) 
and ubiquitin (250 bp) have been assessed. PCR conditions ranging from 20 to 50 
amplification cycles were tested in both cases. Presented here are PCR conditions of 30 
cycles corresponding to the Log-linear phase of amplified PDS PCR product in non- 
silenced tissues. NTC: non-template control, PI: plant 1, P2: plant 2, P3: plant3. FIG. 3C 
shows a histogram representation of the percentage of relative expression levels of 
normalised PDS mRNA in silenced leaf tissues to TMV-challenged control plants. 

[00014] FIGS. 4A, 4B, and 4C show inverted-repeat expression enhances VIGS 
triggered by barley stripe mosaic virus-derived vector in barley plants. FIG. 4A is a 
schematic representation of barley stripe mosaic virus genome organisation and nature of 
expressed PDS fragment. Genomic organisation of BSMV RNAs a, P and y as described 
by Holzberg et al. (2002). RNA p is a Pa (CP)-deletion mutant. Inserted PDS fragments, 
orientation and size (not to scale) are as a described previously. Origins of PDS cDNA 
fragments in inverted-repeat are Hv for Hordeum vulgar e and Nb for Nicotiana 
benthamiana. FIG. 4B shows a sequence alignment of 60-bp barley and N. benthamiana 
PDS fragments used to generate inverted-repeats to be expressed in BSMV. Conserved 
nucleotides are in red, the boxes delineate the largest sequence identity stretches of 8 and 
14 nucleotides between the two PDS cDNAs. FIG. 4C shows a phenotype of barley 
leaves (third-upper uninoculated) from 3 independent plants undergoing VIGS of PDS. 
Pictures have been taken at 14 dpi post-challenge by BSMV.PDSsi 80 , BSMV.PDSasigo, 
BSMV.hpPDS#v6o and BSMV.hpPDS;vz,6o constructs. These results are representative of at 
least 5 independent experiments. 
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[00015] FIGS. 5A and 5B show RT-PCR and real time PCR of PDS and ubiquitin 
mRNA levels in silenced and non-silenced control barley plants. FIG. 5A is aschematic 
representation of barley PDS cDNA with the position of the primers and size (not to scale) 
of amplification products used for real time PCR (Taqman) represented above. Below are 
boxed arrows representing the relative position, size (not to scale) and orientation of 
inserted cDNA fragments from barley and N. benthamiana PDS cDNA cloned into the 
BSMV-based vector used for triggering VIGS. The predicted full-length of the truncated 
barley PDS cDNA is represented in a dotted rectangle using N. benthamiana as a 
reference. FIG. 5B is a histogram representation of the percentage of relative expression 
levels of normalised PDS mRNA in silenced leaf tissues to BSMV.GFP-challenged 
control plants. 

DETAILED DESCRIPTION 
Example 1 : 

Cloning of inverted-repeats into TMV vector and infectivity of constructs 
[00016] TMV-based expression vectors were generated in order to compare VIGS 
of a GFP transgene, expressed constitutively in N. benthamiana. VIGS was induced by a 
single RNA fragment, or its corresponding hairpin generated as a consequence of direct 
inverted-repeat expression. 

[00017] GFP fragments of 40 bp and 200 bp were cloned in sense orientation into a 
TMV vector to produce, respectively, constructs TMV.GFPs 40 and TMV.GFPs 200 (FIG. 
1A). 

[00018] The 40 bp sequence was also inserted into the TMV vector as a 40 bp direct 
inverted-repeat to produce TMV.hpGFP 40 (FIG. 1A). Attempts to produce similar 
constructs with 100 bp and 200 bp direct inverted-repeats were unsuccessful, suggesting a 
possible strong selection against 100 bp- and 200 bp- inverted-repeats sequences being 
propagated in E.coli cells. To obtain inverted-repeats of GFP fragments up to 200 bp in 
length into TMV, a three-step cloning procedure was used in which a non-palindromic 
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unrelated spacer fragment was introduced between the two inverted-repeats. Following 
transcription, this resulted in the generation of an imperfect dsRNA hairpin harbouring a 
loop structure (Fig. la, construct TMV.hpGFP2oo-loop). In-vitro assembled TMV virions, 
generated by incubation of in-vitro transcripted RNA with TMV-coat protein (CP) 
monomers, produced modal length TMV rods for all constructs engineered (data not 
shown), indicating that the inserted sequences did not prevent assembly of the viral 
particles. Infectivity tests were carried out on a resistant host (Nicotiana glutinosa, 
genotype NN), which produced localised necrotic spots, characteristic of iV-gene mediated 
hypersensitive response when challenged with TMV.GFPS40, TMV.GFPS200 and 
TMV.hpGFP4o constructs. In contrast to the others constructs, smaller necrotic lesions 
were eventually observed in response to challenge with TMV.hpGFP2oo-loop and 
TMV.hpGFPioo-loop constructs (data not shown). Viral accumulation, assessed by western 
blotting of TMV.CP accumulation, indicated low accumulation levels for TMV.hpGFP2oo- 
loop and TMV.hpGFPioo-loop in comparison with TMV.GFPs 4 o, TMV.GFPs 2 oo and 
TMV.hpGFP 4 o constructs, suggesting poor infectivity and accumulation of constructs 
harbouring larger inverted-repeats. 

Example 2: 

TMV-based expression of GFP 40 bp inverted-repeats is a strong VIGS inducer of a 
GFP transgene 

[00019] The ability of the above constructs to trigger VIGS of a transgene was 
assessed on N. benthamiana plants expressing GFP. By 9 days post-inoculation (dpi), 
TMV.GFPS40 and TMV.GFPS200 caused the appearance of silenced areas on the leaf, 
observed as small purple spots under UV-light observation (Fig. lb panel i and ii), a 
characteristic of the loss of GFP fluorescence on sink leaves (Ruiz et ah, 1998). By 12 dpi 
GFP silencing by these two constructs was observed on complete young expanding leaves 
(FIG. IB TMV.GFPs 40 panel v, and TMV.GFPs 20 o panel vi). Not until 1 2 dpi, did 
TMV.hpGFP 2 oo-loop induce a silencing phenotype observed as purple areas in close 
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vicinity to veins on sink leaves (FIG. IB panel vii), and this was weaker than the VIGS 
induced by TMV.GFPs 4 o and TMV.GFPs 20 o. 

[00020] In contrast, by 9 dpi in plants challenged with TMV.hpGFP 40 (FIG. IB, 
panel iv), development of numerous purple areas were observed in most of the upper 
uninoculated leaves. By 12 dpi the silenced area covered not only sink tissues, where the 
youngest expanding leaves appeared purple, but also upper non-inoculated source leaves 
(FIG. IB, panel viii). In some instances, almost complete silencing was observed 
throughout the plant (FIG. IB, panel viii). 

Example 3: 

TMV-based expression of 40 bp- and 60 bp- inverted-repeats strongly enhances 
VIGS of an endogenous PDS gene 

[00021] To evaluate the hairpin-based VIGS-enhancement of an endogenous gene 
rather than a transgene, the hairpin-based silencing of the endogenous phytoene desaturase 
(PDS) gene was tested. VIGS of PDS has been well characterised (Kumagai et al., 1995; 
Ratcliff et al, 2001) and results in a discemable white phenotype due to photo-bleaching 
that arises as a consequence of chlorophyll pigment degradation (Kumagai et al, 1995). 
TMV vectors harbouring a 1 10 bp PDS cDNA fragment encompassing nucleotides 1490- 
1600 from N. benthamiana PDS cDNA (FIG. 3B), in sense or antisense orientation (FIG. 
2A, TMV.PDSsno and TMV.PDSas no ), and direct inverted-repeats of 40 bp and 60 bp 
(FIG. 2 A, TMV.hpPDS4o, TMV.hpPDS 60 ) were engineered. For TMV.PDSas U0 construct 
photo-bleaching occurred by 12 dpi and was visible only in a few discrete areas as white 
patches adjacent to veins in sink leaves (FIG. 2B, panel ii). The TMV.PDSsi io construct 
had triggered even weaker photo-bleaching, solely in the vicinity of the veins in the 
youngest leaves (FIG. 2B, panel i). In contrast, at this time point plants challenged with 
constructs TMV.hpPDS 4 o and TMV.hpPDS6o, showed photo-bleaching over entire sink 
leaves and upper uninoculated source leaves (FIG. 2B, panels iii and iv), with stronger 
photo-bleaching being observed in TMV.hpPDS6o challenged plants than TMV.hpPDS 4 o 
challenged plants (FIG. 2B, panel iv and iii). 
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[00022] The effect of hairpin production on RNA degradation was analysed at the 
molecular level by monitoring PDS mRNA accumulation levels in plants undergoing 
silencing in response to challenge by TMV.PDSasi 10, TMV.hpPDS 40 and TMV.hpPDS6o 
constructs. In the first instance, RT-PCR tests were carried out by sampling the silenced 
leaf with the highest proportion of white tissue at 12 dpi, using 2 to 3 different plants per 
construct. The PDS cDNA region, which did not overlap the region cloned into the TMV 
vectors to elicit VIGS (FIG. 3A), was shown to be amplified at lower levels in 
TMV.PDSasi io silenced tissues than control TMV infected tissues (FIG. 3B). Even less 
PDS PCR product was amplified in leaves undergoing VIGS triggered by TMV.hpPDS^ 
and TMV.hpPDSeo constructs (FIG. 3B). The levels of control ubiquitin RT-PCR product 
were similar in all tissues tested (FIG. 3B). Real-Time PCR of silenced samples was then 
used to assess the amounts of PDS mRNA in all the samples relative to an internal control 
ubiquitin mRNA. In comparison to TMV challenged plants, PDS mRNA was shown to be 
reduced by 65% of control levels in TMV.PDSasi io infected plants and between 80% to 
90% of control levels in plant challenged with TMV.hpPDS 4 o and TMV.hpPDSeo (Table 1 
and FIG. 3C). No statistical difference was determined in the mRNA levels detected in 
leaves undergoing silencing in response to TMV.hpPDS4o and TMV.hpPDSeo (Table 1), 
despite the fact that TMV.hpPDSeo triggered a stronger photo-bleaching phenotype (FIG. 
2B). 

Example 4: 

Hairpin-mediated VIGS enhancement in monocot species 

[00023] To determine whether expression of inverted-repeats could enhance VIGS 
in other systems, we tested a recently described VIGS monocot vector, barley stripe 
mosaic virus (BSMV, Holzberg et al., 2002), on barley to evaluate its capacity to enhance 
silencing of barley PDS gene. 

[00024] Similarly, 1 80-nucleotide fragments of barley PDS cDNA in sense and 

antisense orientation (Holzberg et al., 2002) and 60 bp- inverted-repeats of the same 
cDNA region were cloned into BSMV (FIG. 4A, constructs BSMV.PDSsi 8 o, 
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BSMV.PDSasigo, BSMV.hpPDS# V 6o and FIG. 5A). Since BSMV infection caused 
chlorosis and necrosis in the early stages of the infection process, a vector carrying the 
heterologous N. benthamiana 60-bp PDS inverted-repeat fragment (FIG. 4A, 
BSMV.hpPDSM>6o) was used as a control to differentiate symptoms resulting from 
infection and PDS VIGS phenotype in barley plants. This segment corresponding to 
nucleotides 1490-1550 (FIG. 5A) was chosen because of the low nucleotide identity 
occurring in this region between the barley and N. benthamiana PDS sequences not 
exceeding a stretch of 14 nucleotides (FIG. 4B). FIG. 4C shows third upper uninoculated 
barley leaves at 14 days post-inoculation. These leaves have been chosen as they develop 
the strongest VIGS phenotype, commonly observed from 8 dpi, and do not show BSMV- 
dependent infection symptoms usually observed from 4 dpi on the inoculated leaf up to the 
second upper uninoculated leaves. For plants challenged with constructs BSMV.PDSsi8o 
and BSMV.PDSasigo, white streaks of photo-bleached tissue of variable width were 
observed by 14 dpi, however, green streaks of non-photo-bleached tissues remained (FIG. 
4C). In contrast, for plants challenged with BSMV.hpPDSM.60, despite displaying 
comparable initial symptoms to other constructs, no obvious photo-bleaching was 
observed by 14 dpi. At this time point the plants challenged with BSMV.hpPDSM>60 
displayed the strongest photo-bleaching phenotype in comparison to BSMV.PDSsi 8 o and 
BSMV.PDSasigo constructs, as the white photo-bleached area covered most of the leaf 
(FIG. 4C). 

[00025] Both PDS and ubiquitin mRNA levels were assessed by real-time PCR in 
barley leaves infected with the above BSMV constructs by amplifying, as before, a PDS 
cDNA region, which did not overlap the region cloned into the BSMV vectors to elicit 
VIGS (FIG. 5A). The BSMV.hpPDSjvwo construct harbouring the PDS fragment from TV. 
benthamiana did not trigger any obvious photo -bleaching and no significant PDS mRNA 
decrease in comparison to BSMV.GFP control plants was detected (Table 2). PDS mRNA 
levels were shown to be reduced by 75-85% of control levels in BSMV.PDSsigo, 
BSMV.PDSasissoand BSMV.hpPDS// v6 o silenced tissue (Table 2 and FIG. 5A). Although 
the apparent phenotypic differences, the determined PDS mRNA levels were not 
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statistically different between VIGS tissue triggered by BSMV.PDSsi 80 , BSMV.PDSasigo 
and BSMV.hpPDS/fveo constructs (Table 2). 

Discussion 

[00026] We have shown that expression of direct, inverted-repeats that fold as 
dsRNA hairpin structures strongly enhance VIGS caused by a cytoplasmic virus. This 
effect was analysed by targeting of either a transgene or endogenous gene using two 
different plant virus-based expression systems. In both cases, hairpin-based expression 
from these virus vectors triggered a more robust VIGS event that occurred more rapidly 
and uniformly than that observed with sense or antisense constructs harbouring 
corresponding cDNA fragments. Our results indicate that the nature and the amount of 
dsRNA molecules are crucial during VIGS generated by cytoplasmic viruses, as is the 
case in transgene-mediated PTGS (Smith et al, 2000; Varsha Wesley et al, 2001). 
Moreover, our results show for the first time that the threshold level of dsRNA formation 
is influential in generating a VIGS response, suggesting that occurrence of dsRNA 
structures is a limiting step in the VIGS process. 

[00027] VIGS initiation is believed to occur through dsRNA duplexes that form 
during replication of positive-strand RNA viruses by intermolecular pairing of positive 
and negative ssRNA. For a recombinant virus carrying a sense or antisense cDNA 
sequence to generate VIGS, the amount of dsRNA duplexes results from the pairing 
between positive and negative genomic-RNA strands and with the corresponding 
endogenous mRNA. During TMV replication, the ratio of negative to positive strand is 
about 100: 1 (Kielland-Brandt, 1974). In the case of TMV-based expression of inverted- 
repeats, driven by a duplicated coat protein subgenomic promoter (Shivprasad et al, 1999), 
each genomic and subgenomic RNA molecule synthesized (the latter accumulating 
between 2- to 3-fold in comparison to genomic RNA) will harbour inverted-repeat 
sequences, therefore reaching in total an estimated 200- to 300-fold increase in the amount 
of RNA molecules potentially generating dsRNA structures, sufficient to confer a stronger 
VIGS phenotype. 
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[00028] Virus-based expression of such inverted-repeats, or palindromic sequences, 
in genomic and subgenomic RNAs could lead to dsRNA duplex formation via two 
mechanisms: intermolecular pairing mediated by hybridisation, possibly between each 
replicative intermediate strands RNAs molecules or more likely through intramolecular 
pairing by self-hybridization of each individual RNA molecule synthesized. Although 
enhancement of silencing has been observed through intermolecular pairing in transgenic 
plants (Waterhouse et al, 1998) or more recently in a transient RNAi system (Schweizer 
et al, 2000; Tenllado and Ruiz 2001), approaches aimed at producing dsRNA through 
intramolecular pairing by expression of single self-complementary RNA generate a more 
robust phenotype (Waterhouse et al., 1998). Direct comparison of intramolecular and 
intermolecular-based dsRNA formation has been addressed in another report (Chuang and 
Meyerowitz, 2000), and has revealed a stronger silencing event obtained as a result of 
expression of hairpin-loop structures compared to sense and antisense coexpression. 
Recently, intramolecular pairing has been used in transient assays to interfere more 
efficiently with co-expressed genes (Johansen and Carrington, 2001; Schweizer et al., 
2000), transgenes (Johansen and Carrington, 2001), or stable expression to confer PTGS 
to corresponding endogenous genes (Waterhouse et al, 1998; Levin et al. 2000; De Buck 
et al, 2001, Vasha Wersley et al, 2001). 

[00029] Another crucial factor in silencing efficiency is the nature of the inverted- 
repeat sequence to be expressed. Direct inverted-repeats generating a loopless dsRNA 
structure generate a stronger silencing response both in the VIGS or PTGS response. Here, 
we have demonstrate that virus-based expression of short, direct inverted-repeats of 40- 
and 60-nucleotide length are more efficient than inverted-repeats of 100- and 200- 
nucleotide length separated by an unrelated non-palindromic insert. This improvement 
probably occurs as a result of higher stability of short, loopless duplexes and/or may 
reflect the low likelihood of hairpin-loop structures folding properly. Our results are 
comparable to those obtained in transgenic plants by Smith et al (2000), where despite 
stabilisation of 120- to 700-nucleotide inverted-repeat sequences by insertion of a spacer 
fragment (Muskens et al, 2000), this significantly decreased PTGS as opposed to a spacer 
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sequence corresponding to a spliceable intron that generated a loopless dsRNA structure 
following transcription and splicing, thus triggering a strong PTGS. 

[00030] Virus-vectors have their own limitations in terms of size and nature of 
foreign sequences that can be accommodated (Lacomme et al, 2001). This reflects either 
packaging constraints or genomic instability of inserted large inverted-repeat sequences 
probably through nonhomologous recombination (Simon and Bujarski, 1994). Indeed the 
incidence of recombination by promoting RdRp pausing between sense and antisense 
heteroduplexes or internal hairpin structures has been shown to be proportional to the 
length of the inserted sequence, such structures constituting recombination hotspots 
(Simon and Bujarski, 1994; Nagy and Simon, 1997). These could account for the poor 
infectivity and low accumulation levels observed with such constructs (TMV.hpGFP 2 oo- 
loop and TMV.hpGFPioo-loop, TMV.hpPDS2oo-loop, data not shown), hence producing 
lower amount of dsRNA molecules, triggering in turn a poorer VIGS phenotype in 
comparison to constructs harbouring sense or antisense cDNA fragments. This limitation 
could account for the discrepancy between the VIGS and PTGS phenotypes generated by 
expression of large imperfect inverted-repeats from a plant virus (this study) and 
transgenics plants where more consistent PTGS was observed than with sense or antisense 
transgenes (Smith et al., 2000; Waterhouse et al, 1998; DeBuck et al, 2001). 

[00031] It is noteworthy that a significantly stronger VIGS of PDS generated by 
TMV constructs expressing 60-nucleotide hairpins was observed in comparison to their 
40-nucleotide counterparts. TMV.hpPDS4o triggers a milder photo-bleaching than 
TMV.hpPDSeo, suggesting that downstream VIGS events following dsRNA production 
were not saturated even when 40-nucleotide hairpins were expressed. This suggests that 
hairpin-sequence length is probably still a limiting factor in generating siRNAs to prime a 
RISC-mediated degradation step. If this is the case, it will be of importance to assess the 
ratio of target sequence-length to spacer sequence-length most compatible with cloning, in 
vivo propagation and efficient folding into dsRNA structures to potentate VIGS 
phenotype. 

[00032] TMV -based expression of hairpin structures triggers a stronger RNA- 
mediated degradation of the endogenous PDS mRNA in comparison with constructs 
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expressing the cDNA fragment in antisense orientation. Hairpin expression produced up to 
a 3 -fold decrease of mRNA levels in comparison to the antisense construct. By 12 dpi, this 
80% to 90% decrease in PDS mRNA levels is comparable to those obtained with PVX or 
TRV VIGS vectors at 21 dpi (Ratcliff et al, 2001). A higher proportion of photo-bleached 
tissue was observed with TMV.hpPDS6o than TMV.hpPDS4o, however no statistically 
significant difference in determined transcript levels was observed. These data are 
consistent with previous findings that PDS mRNA levels do not always correlate with the 
degree of photo-bleaching (Ratcliff et al, 2001). Further, as observed with 
TMV.PDSasi io, significant PDS mRNA reductions from 60% to 65% did not result in 
strong photo-bleaching. It is probable that strong photo-bleaching occurs only when PDS 
mRNA levels decrease below those measured in VIGSed tissues induced by the antisense 
construct. On the other hand, below this level, it is likely that even marginal decreases in 
PDS mRNA levels will cause a stronger photo-bleached phenotype. 

[00033] VIGS enhancement through hairpin expression occurred not only from a 
TMV vector but also from barley stripe mosaic virus (BSMV) on barley, suggesting that 
expression of such inverted-repeats trigger a similar effect in monocot species, and that in 
planta production of dsRNA is not hampered in BSMV-based vector constructs. For 
BSMV constructs, a slight PDS mRNA decrease resulted in a stronger VIGS phenotype 
when expressing barley PDS inverted-repeat in comparison to sense and antisense 
constructs, as previously observed with TMV constructs. The dsRNA formation of 
heterologous cDNA fragments generated by expression of N. benthamiana 60-nucleotide 
PDS cDNA inverted-repeat was not sufficient to trigger VIGS of the endogenous PDS 
barley gene. The two PDS cDNAs, despite displaying an overall 73% sequence identity 
between the selected 60-bp sequences, have a maximal 14-nucleotide stretch of identity. 
This result confirms the importance of sequence stretch identity length in VIGS initiation. 
As previously reported, the VIGS response necessitates a minimum sequence requirement 
of at least 23-nucleotide identity (Thomas et al, 2001). 

[00034] The nature of VIGS inducers and their ability to enhance silencing is of 
prime importance in order to improve current VIGS system for generating more robust 
loss-of-function transient assay systems in plants. The fact that virus-based expression of 
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hairpins results in VIGS enhancement in both dicot and monocot species, where for the 
former stable reverse-genetics approaches are not yet routine, strengthen its use in 
generating more robust loss-of-function assays, and in providing opportunities to increase 
the silencing capabilities of other VIGS vectors on a range of hosts. 

Experimental procedures 
Construction of TMV-derived vectors 

[00035] The TMV vector used in this study has been previously described 
(Lacomme and Santa Cruz, 1999); GFP and PDS cDNA fragments were inserted between 
the Pad and Xhol sites. The Pad site was used for the cloning of GFP and PDS inverted- 
repeats. 

GFP constructs 

[00036] PCR fragments of 43 bp and 200 bp corresponding to nucleotides 332-375 
and 332-532 of a GFP cDNA respectively (GenBank accession number U87625, Haseloff 
et al, 1997) were amplified from a GFP cDNA template using specific oligonucleotide 
primers incorporating restriction enzyme recognition sites at the 5 '-(Pad) and 3 '-(Xhol) 
termini for cloning into TMV to generate constructs TMV.GFPS40 and TMV.GFPS200 
respectively. Subcloning of the 40 bp- direct inverted-repeat into TMV was achieved by 
subsequent Xhol digestion of the 40 bp- GFP PCR fragment followed by self- ligation, gel 
purification of the 80 bp concatenate fragment and Pad-digestion prior to cloning into a 
TMV vector (construct TMV.hpGFP 40 ). Construct TMV.hpGFP2oo-loop was achieved by a 
three-step ligation of the 200 bp-GFP PCR fragment Pacl-Hindlll in the sense orientation 
to the Hindlll-Spel PCR fragment intron 2 of ST-LS1 gene (Eckes et al., 1986; Ibrahim et 
al., 2001; GenBank accession number X04753) and the Spel-Xhol 200 bp-GFP PCR 
fragment in the antisense orientation. The resulting fragment was digested with Pacl-Xhol 
and subcloned into TMV. 
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PDS constructs 

[00037] A110 bp-cDNA fragment corresponding to nucleotides 1490-1600 from N. 
benthamiana PDS cDNA (GenBank accession number 123875) was PCR amplified using 
specific oligonucleotide primers incorporating restriction enzyme recognition sites at the 
5'-(PacI) and 3'-(XhoI) termini for sense, or 5'-(XhoI) and 3'-(PacI) termini for antisense 
orientation. For cloning of direct inverted-repeats, 40 bp and 60 bp PCR fragments 
corresponding respectively to nucleotides 1490-1530 and 1490-1550 of the PDS cDNA 
were generated using oligonucleotide primers incorporating a Pad and an EcoRI site at 
their 5'- and 3 '-termini respectively. Subsequent purification and EcoRI digestion of 40 bp 
and 60 bp PCR products was followed by self-ligation, Pad digestion and purification of 
the 80 bp and 120 bp inverted repeats to be inserted into the Pad site of a TMV vector. 

Construction of BSMV derived vectors 

[00038] The yRNA-based BSMV vector used in this study has been previously 
described (Holzberg et ah, 2002) carrying sense and antisense orientations of a 180 bp- 
cDNA fragment from barley PDS cDNA (respectively constructs py.PDSsigo and 
py.PDSasigo further referred to as BSMV.PDSsi 80 and BSMV.PDSasigo). For homogeneity 
of PDS sequences used as a silencing trigger, barley PDS hairpin construct 
(BSMV.hpPDS// v6 o) were derived from a 67 bp PCR fragment internal to the 180 bp PDS 
cDNA (GenBank accession number AY062039) fragment used for sense and antisense 
constructs. For cloning of direct inverted-repeats, a Pacl-EcoKl fragment of 67 bp was 
PCR amplified using the following oligonucleotides primer combinations (5'-TAA ATT 
AAT TAA TTC CTG ATC GAG TCA AC-3' (Seq ID No. 1) and 5'-ATT TGA ATT CTT 
TAT GAA ATT GAG-3' (Seq ID No.: 2)). Subsequent purification and£coRI digestion 
of the PCR product was followed by self-ligation, blunting and gel purification of the 
generated 1 18 bp fragment prior insertion into the blunt-ended Pacl-Notl restriction sites 
from the py.bPDS4 vector (Holzberg et al, 2002) to generate BSMV.hpPDS// V 60 construct. 
BSMV.hpPDSM,60 construct was obtained by blunt-end subcloning of the previously 
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described 60-bp inverted-repeat from N. benthamiana PDS cDNA into the same Pacl- 
Attfl-digested and blunt-ended py.bPDS4 vector. 

RNA extraction and cDNA synthesis 

[00039] Total RNA was extracted from frozen silenced leaves using the Qiagen 
RNeasy plant mini kit (Qiagen Ltd), following the protocol supplied by the manufacturer. 
Prior to cDNA synthesis, RNA samples were treated with RNase-free Dnasel (DNA- 
free™ kit, Ambion Ltd), following the manufacturer recommendations. 5/ig of total RNA 
were used for first strand cDNA synthesis by oligodT priming using Superscript™ II 
RNase H" Reverse Transcriptase (Invitrogen Life Technologies Ltd) following 
manufacturer's recommendations. 

RT-PCR and SYBR real-time RT-PCR experiments 

[00040] For RT-PCR analysis, primers that anneal outside the region of the PDS 
cDNA targeted for silencing were used to ensure that the endogenous gene is tested as 
indicated in FIG. 3A. Ubiquitin cDNA was used as an internal constitutively expressed 
control. First strand cDNA was used as template for PCR amplification through 25, 30, 35, 
40, 45 and 50 cycles. As 30-cycles of amplification corresponded to the Log-linear phase 
of PDS PCR product amplification in the non-silenced control samples (data not shown), 
these conditions were selected for comparison of relative accumulation of both PDS and 
ubiquitin mRNAs in all samples. 

[00041] Similarly, for SYBR real-time RT-PCR experiments, primer pairs were 
designed outside the region of the Nicotiana benthamiana and barley PDS cDNA targeted 
for silencing (FIGS. 3A and 5A) and for the internal control ubiquitin cDNA from both 
species using the Primer Express software supplied with the ABI PRISM 7700 Sequence 
Detection System (Applied Biosystems, USA) following the manufacturer's guideline for 
primer design. The following PDS primers were used: NtPDSfwd (5'-TTC TTC AGG 
AGA AAC ATG GTT CAA-3' (Seq ID No.: 3)), NtPDSrev (5'-TCC ACA ATC GGC 
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ATG CAA-3' (Seq ID No.: 4)), NtUBIfwd (5'-TCC AGG ACA AGG AGG GTA TCC-3' 
(Seq ID No. 5)), NtUBIrev (5 '-TAG TCA GCC AAG GTC CTT CCA T-3' (Seq ID No.: 
6)), HvPDSfwd (5'-TGG AGC TTA TCC CAA TGT ACA GAA-3' (Seq ID No.: 7), 
HvPDSrev (5'-TGT ATT CCC CTG GCT TGT TTG-3' (Seq ID No.: 8)), HvUBIfwd (5'- 
GCA AGT AAG TGC CTG GTC ATG A-3' (Seq ID No.: 9)), HvUBIrev (5'-ACA ACC 
AGA CAT GCT CCA ACC T-3' (Seq ID No.: 10)). The GenBank accession numbers are 
as previously mentioned for Nicotiana benthamiana (NtPDS) and barley (HvPDS) PDS 
cDNA and are U66264 and X04133 for Nicotiana benthamiana (NtUBI) and barley 
(HvUBI) ubiquitin cDNA respectively. Primer concentrations giving the lowest threshold 
cycle (Ct) value were selected for further analysis. Detection of real-time PCR products 
was done by the incorporation of the fluorescent DNA dye SYBR green using the 
QuantiTect™ SYBR® Green PCR kit (Qiagen Ltd) following manufacturer's 
recommendations in an ABI PRISM 7700 Sequence Detection System (Applied 
Biosystems, USA) using 10-fold dilution in sterile water of first strand cDNA reaction 
mixes. All reactions were heated to 95°C for 15 min, followed by 40 cycles of 94°C for 15 
sec, 60°C for 30 sec and 72°C for 30 sec. All calculations and statistical analysis were 
performed as described in the ABI PRISM 7700 Sequence Detection System User Bulletin 
#2 (Applied Biosystems, USA). 

Plant material and growth conditions 

[00042] All work involving virus-infected material was carried out in containment 
glasshouses under SEERAD licences GM/141/2002, GM/160/2002 and GM/162/2002. 
Transgenic N. benthamiana line 16c carrying the 35S::GFP::tnos transgene have been 
previously described (Ruiz et ai, 1998). GFP fluorescence was monitored as described 
previously (Lacomme and Santa Cruz, 1999). Plants infected with TMV constructs were 
maintained in a Snijder Climatic Cabinet (Snijder, Tilburg, Holland) with a photoperiod of 
16 hours. Light intensity was approximately 400 yumol.m" 2 .s"' and at either 32°C or 24°C 
for infectivity tests on Nicotiana edwardsonii. Barley cultivar Black Hulless plants 
infected with BSMV were kept in controlled environment chambers with a 16-hr 
photoperiod (22°C, light intensity ranging from 400 /anol.m^.s" 1 to 1000 /jmol.m" 2 .s~'). 
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Plant inoculations 

[00043] Generation of infectious TMV and BSMV RNAs from cDNA clones and 
inoculation procedures were as described previously (Toth et al, 2002; Holzberg et al. 
2002). Infectivity tests of TMV constructs were performed on Nicotiana glutinosa or 
Nicotiana edwardsonii (NN) as described by Toth et al. (2002). 



Table 1 

[00044] Real time PCR determination of normalised relative amount PDS mRNA 
levels in silenced and control N. benthamiana plants challenged with TMV constructs. 

[00045] a Value represents the mean from three plants per construct from two 
independent experiments carried out in triplicate. Least significant difference of means at 
5% level = 0.163. b Arbitrary Unit. c Related to TMV control 



Constructs 


Amount normalised 
PDS mRNA a (A.U. b ) 


Relative PDS mRNA 
levels 0 

(%) 


TMV 


1.244 


100 


TMV.PDSas 


0.424 


34 


TMV.hpPDS 40 


0.251 


20 


TMV.hpPDS 6 o 


0.159 


13 
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Table 2 

[00046] Real time PCR determination of normalised relative amount PDS mRNA 
levels in silenced and control barley plants challenged by BSMV constructs. 

[00047] a Value represents the mean from three plants per construct carried out in 
triplicate. Least significant difference of means at 5% level = 0.55. b Arbitrary Unit. c 
Related toBSMV.GFP control 



Constructs 


Amount normalised 
PAS mRNA 3 (A.U. b ) 


Relative PDS mRNA 
levels 0 

(%) 


BSMV.GFP 


1.397 


100 


BSMV.PDSs 


0.356 


26 


BSMV.PDSas 


0.198 


14 


BSMV.hpPDS/Mo 


0.143 


10 


BSMV.hpPDSM,60 


1.048 


75 
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